Interest in finding small RNAs (sRNAs) in bacteria has significantly increased in recent years due to their regulatory functions. Development of high-throughput methods and more sophisticated computational algorithms has allowed rapid identification of sRNA candidates in different species. However, given their various sizes (50 to 500 nucleotides [nt]) and their potential genomic locations in the 5= and 3= untranslated regions as well as in intergenic regions, identification and validation of true sRNAs have been challenging. In addition, the evolution of bacterial sRNAs across different species continues to be puzzling, given that they can exert similar functions with various sequences and structures. In this study, we analyzed the enrichment patterns of sRNAs in 13 well-annotated bacterial species using existing transcriptome and experimental data. All intergenic regions were analyzed by WU-BLAST to examine conservation levels relative to species within or outside their genus. In total, more than 900 validated bacterial sRNAs and 23,000 intergenic regions were analyzed. The results indicate that sRNAs are enriched in intergenic regions, which are longer and more conserved than the average intergenic regions in the corresponding bacterial genome. We also found that sRNA-coding regions have different conservation levels relative to their flanking regions. This work provides a way to analyze how noncoding RNAs are distributed in bacterial genomes and also shows conserved features of intergenic regions that encode sRNAs. These results also provide insight into the functions of regions surrounding sRNAs and into optimization of RNA search algorithms. R ecently, small noncoding RNAs (sRNAs) have been under closer scrutiny as mediators and regulators of gene expression (1-5). This class of RNAs has been found to play a variety of roles in important cell functions (6, 7). Typically composed of 50 to 500 nucleotides, sRNAs are known to control plasmid replication, bacterial virulence, and various stress responses (8-11).
R
ecently, small noncoding RNAs (sRNAs) have been under closer scrutiny as mediators and regulators of gene expression (1) (2) (3) (4) (5) . This class of RNAs has been found to play a variety of roles in important cell functions (6, 7) . Typically composed of 50 to 500 nucleotides, sRNAs are known to control plasmid replication, bacterial virulence, and various stress responses (8) (9) (10) (11) ).
An interesting aspect of sRNAs is the wide diversity of their functional mechanisms. sRNAs can repress or stimulate gene expression posttranscriptionally by pairing their targets through base complementarity; a target can be, but is not limited to, an mRNA or a protein. sRNAs that regulate other RNAs can be cis encoded or trans encoded. A cis-encoded sRNA is typically encoded adjacent to its regulatory target on the same strand as a riboswitch or on the opposite strand to an antisense sRNA. In most cases, they will base pair to their targets or change the secondary structure to inhibit ribosome binding (12) (13) (14) . In contrast, a trans-encoded sRNA is encoded away from its target, has a lower base complementarity to its target, and can potentially bind multiple targets (15) .
With advances in high-throughput sequencing technologies (16) , it is now possible to sequence gigabases of nucleotides in a matter of hours (17) . Aided by sRNA prediction algorithms, these large data sets are paving the way for continual sRNA discovery (12, 18, 19) . However, sRNA validation as well as determination of mechanistic function remains elusive. This is mainly due to the complexity of sRNA regulatory mechanisms. As a result, a plethora of computational approaches for sRNA prediction have gained popularity (20, 21) . Some of the most widely used methods include eQRNA (22) , RNAz (23) , sRNAPredict3/SIPHT (24) , and nucleic acid phylogenetic profiling (NAPP) (25) . These methods rely on searches for a variety of patterns: compensatory mutations consistent with base-paired secondary structure, thermodynamic stability and structural conservation, regions of primary sequence conservation followed by transcriptional termination signals, and noncoding sequence clusters based on cross-genome conservation profiles. While different computational methods of sRNA identification include a multitude of criteria, even the most popularly applied methods tend to have low precision and sensitivity. Indeed, a previous study reported a mean precision between 4% and 12% for eQRNA, RNAz, sRNAPredict3, and NAPP across 10 data sets (20) . Thus, a significant challenge stems from the fact that computational approaches tend to generate a large bank of potential sRNA sequences that result in only a few accurate hits.
Various approaches are routinely used to complement computational sRNA identification; these include cloning, highthroughput sequencing, Northern blotting, and microarray analysis. While microarray analysis has been the most common method for transcriptome analysis (26) (27) (28) , this method is limited by indirect recording of expression levels and by typically not encompassing the entire transcriptome. Most recently, RNA sequencing (RNA-seq) has become a powerful technique (29) (30) (31) . However, RNA-seq also has drawbacks, one of the major limitations being that certain sRNAs expressed during a particular cellular condition may not be present during cellular harvesting for RNA preparation. For the most part, Northern blotting has become an accepted method for verification of potential sRNA candidates that stem from prediction techniques and RNA-seq data. Even so, a significant amount of RNA is required for detection by Northern blotting, and sRNAs with lower copy numbers can be difficult to detect.
In this study, we performed a genome-wide analysis of conservation and length distribution patterns for all the intergenic regions in 13 selected species that have well-annotated genomes and experimental RNA-seq analysis with significant genome coverage (all greater than 50%). Using highly stringent criteria, we compared the query genomes to species both inside and outside their genera and determined the conservation level of all intergenic regions. Previous studies that have focused on the analysis of only the sRNA-coding regions do not indicate a consistent trend in sRNA conservation levels (24, (32) (33) (34) (35) . In this study, we took a different approach by considering the entire intergenic region where an sRNA is housed. We also analyzed the lengths of the intergenic regions where experimentally observed sRNAs were found in their native genomes. This large-scale study encompasses 13 different species for analysis of a total of more than 900 validated bacterial sRNAs and of more than 23,000 total intergenic regions. Our genome-wide analysis has yielded trends that provide clues to various questions regarding (i) how distant and/or independently trans-acting sRNAs have evolved from coding regions, (ii) how large intergenic regions that encode sRNAs are relative to the average size of intergenic regions in their native genomes, and (iii) how conserved sRNAs are relative to the intergenic regions where they are found.
This study takes advantage of detailed transcriptomic work that has now been completed in a diverse set of bacterial species with sequenced genomes. As such, this analysis contributes to our understanding of conservation patterns in sRNA-encoding intergenic regions and of sRNA evolution among bacterial species of various phylogenetic distances. This contributes new insights to possible refinement strategies that can improve current identification of transcribed intergenic sRNA sequences.
MATERIALS AND METHODS
Targeted bacterial species. In this study, we selected 13 bacterial species: Bacillus subtilis 168, Chlamydia trachomatis L2b/UCH-1/proctitis, Enterococcus faecalis V583, Escherichia coli K-12 strain MG1655, Helicobacter pylori 26695, Listeria monocytogenes EGD, Mycobacterium bovis BCG Pasteur, Pseudomonas aeruginosa PAO1, Salmonella enterica subsp. enterica serovar Typhi Ty2, Staphylococcus aureus N315, Streptococcus pneumoniae TIGR4, Streptococcus pyogenes MGAS5005, and Vibrio cholerae El Tor. These species were selected due to the availability of detailed transcriptome analysis data that have been reported for their genomes using highthroughput sequencing or other traditional methods. The list of species, along with the Gram stain results, pathogenicity, and reference to the corresponding published transcriptome study, is given in Table S1 in the supplemental material.
Genome-wide extraction of intergenic and extended intergenic region sequences. Data for all the sample genomes were found in the J. Craig Venter Institute (JCVI) database or in the National Center for Biotechnology Information (NCBI) genome database (36) . To prevent conservation bias due to the presence of protein-coding sequences, the analysis of sRNA candidates was limited to sequences that were completely intergenic (as determined by the most recent genome annotations) and showed negligible overlap with nearby annotated open reading frames.
Sequences that had up to a 10-nucleotide (nt) overlap upstream and/or downstream of the candidate sRNAs were included in the analysis, to accommodate for any potential annotation errors. The list of "extended intergenic regions" was generated by including a part of the upstream and downstream coding regions along with each intergenic region sequence. An intergenic region with a length of n nucleotides was extended for n nucleotides upstream and downstream. As a result, extended intergenic regions were three times the length of the original intergenic regions.
Conservation analysis of different genomes by BLAST. WU-BLAST (BLASTN 2.0MP-WashU [4 May 2006] ) (W. Gish, personal communication) was used to perform the sequence conservation analysis of intergenic and extended intergenic regions. Intergenic sequences with a minimum length of 60 nt were used to avoid spurious hits. However, the conservative expectation value (E value) established for the WU-BLAST analysis rarely returned hits for short (Ͻ60-nt) sequences when used with genome-sized databases. WU-BLAST outputs were filtered with a PERL script to a stringent threshold of at least 50% query sequence coverage with 50% identity in the conserved regions. The filtering restricted the hits for the search of homologous sequences to ones with a "high-to-extreme similarity" regime. These parameters were selected according to search criteria that have been developed to analyze conservation levels of protein-encoding sequences, where the expected level of conservation is much higher (37) .
Two measures of conservation were used: "within-genus" and "outside-genus." For the within-genus criterion, the homology of a specific sRNA candidate and/or intergenic region was determined relative to a list of specific genomes of species within the genus. For instance, for all C. trachomatis intergenic region sequences, homology was analyzed relative to Chlamydia psittaci, C. pneumonia, C. pecorum, and C. muridarum (members of the genus Chlamydia). The full list of genomes that apply to each species is included in Table S2 in the supplemental material. A measure of within-genus homology was obtained by counting the number of organisms within the genus where homology was observed. The length of all the query sequences, the resulting hit score, and the E value were summarized in Table S3 in the supplemental material.
For the outside-genus criterion, the homology of a specific sRNA candidate and/or intergenic region was determined relative to any species within a specific list of the following genera: Agrobacterium, Bacillus . This list was generated as a way to further control the searches conducted for all sample species in a way that broadly sampled across all bacterial species. The length of all query sequences, the resulting hit score, and the E value were recorded as for the outside-genus analysis. The BLAST data are presented in Table S3 in the supplemental material.
The NCBI BLASTn discontiguous Megablast tool was used to determine sequence conservation of sRNA-coding regions (sRCR) and an adjacent random sequence in the same intergenic region (RIGR). Stringent conservation parameters were used: an E value of Ͻ0.001, Ն50% query coverage, and Ն50% identity. Using discontiguous Megablast, each sRNA-coding region and a random selected region of the respective intergenic region were analyzed. The number of hits returned from species of the same genus (within-genus group) and the number of hits returned of genera that differed from the target species (outside-genus group) are summarized in Table S4 in the supplemental material.
Collection of experimentally observed sRNAs from published works. For each species analyzed with WU-BLAST, coordinates of experimentally observed sRNAs were collected from online databases or published reports (all sources used are listed in Tables S1 and S5 in the supplemental material). All pooled sRNAs were identified either by experimental techniques, such as Northern blotting or cloning, or by transcriptome sequencing techniques, such as RNA-seq or microarray analysis.
Phylogenetic distance calculation. Phylogenetic distances were estimated by MEGA5 (Molecular Evolutionary Genetics Analysis), a tool for aligning sequences and computing nucleotide pairwise distances (38) . 16S RNA sequences were retrieved from the NCBI database and aligned by ClustalW (a MEGA5 built-in algorithm). The P-distance model was used to estimate the phylogenetic distance between each species.
Comparisons of all intergenic regions with experimentally observed sRNAs. The list of all intergenic regions generated from the JCVI or NCBI database was compared to all sRNAs that have been experimentally observed (see Table S1 in the supplemental material). Any intergenic region within the genome that contained one or more experimentally observed sRNAs was identified as an sRNA-coding intergenic region. Further criteria were applied to the data to explore any possible correlations between the likelihood of intergenic regions being sRNA-containing regions and the length or conservation level of those regions.
A survey of the longest intergenic regions is shown in Table S6 in the supplemental material, where the top 20% longest regions of all intergenic regions within a species were defined as "long intergenic regions." Conservation data from the WU-BLAST analysis were also used to verify correlations between conserved intergenic regions and sRNA-coding intergenic regions. An intergenic region was considered conserved if the hit number returned by WU-BLAST was at least 1 and was higher than the hit number of the extended region.
RESULTS

Analysis of intergenic regions in different species shows conservation of a large number of intergenic regions.
To confirm the orthology of analyzed intergenic regions, we compared the conservation level of intergenic regions and extended intergenic regions. This eliminates the possibility that the intergenic region is coconserved with the adjacent protein-coding region, or potential untranslated regions (UTR) that are not annotated.
WU-BLAST was used to analyze the conservation level of all intergenic regions in the 13 selected bacterial species in this study (see Table S1 in the supplemental material). Our selection of the 13 species used for this study ensures that identification of sRNAs has been exhaustive since these species have all been well characterized at the transcriptome level. A list of "extended intergenic regions" for each species was created as a control for conservation analysis; Fig. 1 illustrates how extended intergenic regions were determined. The extended region includes parts of the upstream and downstream coding regions that are the same size as the original intergenic region along with the intergenic sequence, so that the combined region is three times the size of the original intergenic region. The parameters and criteria for conservation analysis are described in Materials and Methods. In brief, an intergenic or extended intergenic region is considered conserved in a species if a hit is returned by WU-BLAST and satisfies the filter criteria. Conservation levels of within-genus and outside-genus regions were calculated separately. The within-genus criterion refers to all species that are in the same genus as the analyzed species, and the outside-genus criterion refers to a group that includes 38 species from different genera (see Table S2 in the supplemental material for the full list). Since some genera have a limited number of species, such as Escherichia, this analysis can broaden the diversity of species for WU-BLAST and provide insight into how phylogenetic distance can affect the results of conservation analysis. Only intergenic regions with a conservation level equal to or higher than that of the extended intergenic regions are defined as "conserved intergenic regions." Figure 2 shows representative within-genus and outside-genus conservation patterns of three selected species (others are shown in Fig. S1 in the supplemental material). All intergenic regions were grouped into nonconserved, equally conserved, and more highly conserved (where conservation levels are lower than, equal to, or higher than those of extended intergenic regions, respectively). Results show that while most intergenic regions (68 to 82%) are not conserved within-genus or outside-genus among the species studied, a large enough fraction of all intergenic regions are either equally conserved or highly conserved relative to the surrounding (gene-carrying) regions; the latter cases were of the most interest, as we aimed to analyzed enrichment patterns of sRNAs in exceptionally conserved intergenic regions. Raw data from WU-BLAST can be found in Table S3 in the supplemental material. To fully understand how heterogeneously distributed conserved intergenic regions were among species surveyed, we tabulated the distribution of all conserved intergenic regions among all with within-genus species. According to unique conservation patterns that were observed, we classified the target species into two categories: group 1 includes the majority of all species analyzed, where the main characteristic is that most intergenic regions are conserved in a way that is not specific to a single species. In contrast, group 2 is characterized by having most of its intergenic regions (Ͼ50%) conserved in a limited set of species. The two species that fall into this category are M. bovis, which has a 63.8% of its conserved intergenic regions conserved only in Mycobacterium tuberculosis, and C. trachomatis, which has 83.4% of its conserved intergenic regions conserved only in C. muridarum.
Conserved intergenic regions are enriched for small RNAs. To understand if sRNAs were more likely encoded by conserved intergenic regions, we first cross-referenced the reported sRNA coordinates to all the intergenic regions for each species. The pools of experimentally observed sRNAs that were identified via transcriptome or Northern blotting for each species were collected from published works and online databases. References for all sRNAs collected are listed in Table S1 in the supplemental material . Experimentally observed sRNAs were mapped to their corresponding genomes to identify sRNA encoding regions. The antisense sRNAs are beyond the scope of this study and are excluded from our analysis. An important general observation that stems from this analysis (see Table S1 in the supplemental material) is that a range of ϳ2% to 12% of all intergenic regions encode sRNAs. This is close to computational and experimental estimations of sRNAs in bacteria (82) .
After mapping all experimentally observed sRNAs to their cor- responding intergenic regions, we determined the percentage of within-genus or outside-genus nonconserved, conserved, and higher-conserved intergenic regions that encoded sRNAs. The percentages of sRNA-coding intergenic regions for all 13 species are showed in Fig. 3 . For the within-genus analysis, most of the species have a greater percentage of sRNA-coding regions in conserved intergenic regions than in nonconserved intergenic regions. We used Fisher's exact test to test the statistical significance (P Ͻ 0.05), and all but one species (M. bovis) show significant sRNA enrichment. Importantly, the more highly conserved intergenic regions in most species are even more enriched for sRNAs than the nonconserved intergenic regions, indicating that sRNAs are more likely to be encoded within highly conserved intergenic regions. Our general findings of sRNA enrichment in conserved intergenic regions in outside-genus species compared to nonconserved intergenic regions (see Fig. S2 in the supplemental material) further support these results It is interesting that the enrichment of sRNA-coding regions is not as significant as the within-genus analysis across all species (as determined by Fisher's exact test). This is particularly the case with species that exhibit that fall into the second conservation pattern group, where conservation is observed among only a very limited set of species (i.e., C. trachomatis and M. bovis). It is also possible that many sRNAs remain unidentified in these species. We suspect that this might be the case in species such as C. trachomatis and E. faecalis, where the percentage of all intergenic regions that has been identified as encoding sRNAs remains lower than 3% and the number of reported sRNAs remains low.
Refined conservation analysis based on phylogenetic distance strengthens observations of sRNA enrichment in conserved intergenic regions. To investigate how phylogenetic distance affects the enrichment of sRNAs in conserved intergenic regions, we selected two species, B. subtilis and S. pneumoniae, and analyzed how intergenic regions were conserved across differently phylogenetically distant sets of species. These species were selected due to the larger number of identified sRNAs and the larger set of within-genus species that has been sequenced and can be used as a basis for conservation analysis. For this analysis, we used MEGA5 to compute the phylogenetic distances between the specific species of interest (e.g., B. subtilis) and the respective within-genus species (e.g., other Bacillus species, listed in Table S2 in the supplemental material). As shown in Fig. 4 , a wide variation in evolutionary spread was observed among the species we tested. For instance, the distances between all the within-genus Bacillus species and B. subtilis range from 0.019 (Bacillus amyloliquefaciens) to 0.123 (Bacillus pseudofirmus). In contrast, the phylogenetic spread is lower in S. pneumoniae (0.004 to 0.077) than in other Streptococcus species. As such, the latter genus clusters more closely in terms of phylo- Fig. S1 in the supplemental material for all other species). The conservation level is the number of within-genus or outside-genus organisms found to have homology of the intergenic region. The intergenic region would be marked as "nonconserved" if its conservation level is less than that of the extended intergenic region or as "equally conserved" or "more highly conserved" if the conservation level is equal to or higher than that of the extended intergenic region. The pie charts show how conservation levels are distributed in the more highly conserved intergenic regions, and the total numbers of within-genus organisms are shown above them.
genetic distance than the Bacillus species. As a reference, the phylogenetic distance from E. coli (a bacterium from a different genus) was evaluated for the three selected organisms to gain a sense of how these evolutionary measurements could be interpreted.
The distance for B. subtilis is 0.231, and that for S. pneumoniae is 0.229.
The level of enrichment for intergenic regions that encode sRNAs was analyzed relative to the phylogenetic distance of with- nonconserved, equally conserved, or more highly conserved (outside-genus) intergenic regions. A conserved intergenic region refers to any intergenic region that has a conservation level equal to or higher than that of the extended intergenic region. A single asterisk denotes statistically significant enrichment of sRNA compared to nonconserved regions by Fisher's exact test (P Ͻ 0.05), and double asterisks denote statistically significant enrichment of sRNA compared to the conserved intergenic region.
FIG 4
sRNA-coding-region enrichments in intergenic regions conserved in species with different phylogenetic distances and sRNAs enrichments with a refined species set. The phylogenetic distances between the within-genus species were calculated for B. subtilis and S. pneumoniae with MEGA5. The percentages of all sRNAencoding intergenic regions that are conserved in a certain species were also calculated. For instance, in B. subtilis, 9.3% of the intergenic regions that are conserved in B. amyloliquefaciens (dot 1) were found to encode sRNAs. The mean distance (MD) and standard deviation (STD) to the within-genus species were calculated for B. subtilis and S. pneumoniae and marked in each graph. The following species were included in the plot. (Top) 1, B. amyloliquefaciens; 2 A refined set of organisms was selected by phylogenetic distance. Any species within one standard deviation (within the boxed area)of the mean distance was included in the analysis. The percentages of sRNA-coding intergenic regions in conserved and nonconserved intergenic regions were calculated and compared. The asterisk denotes enrichment of sRNA compared to nonconserved regions as determined by Fisher's exact test (P Ͻ 0.05), and the pound sign denotes a statistically significant difference compared to conserved intergenic regions of all included species.
in-genus species for Bacillus, and Streptococcus (Fig. 4) . The sRNA-coding-region percentages were calculated for intergenic regions that were conserved in different species and plotted against the phylogenetic distance for each within-genus species. A positive correlation of sRNA enrichment and phylogenetic distance was observed, indicating that intergenic regions, which are conserved in more distant species, are more likely to encode sRNA. This trend was consistent up to a certain threshold distance, where the species were too distant to have significant homology. Representative data are shown for B. subtilis and S. pneumoniae in Fig. 4 .
A pattern observed in some species from our phylogeneticdistance analysis was that certain within-genus species that were analyzed appeared significantly closer (in evolutionary distance) to the species under analysis than the rest of the within-genus species. One example was S. pneumoniae, for which two outlier species (Streptococcus mitis and Streptococcus oralis) were more than two standard deviations farther than the mean distance of all other within-genus species (Fig. 4) . The conservation analysis also showed that a large number (71.4%) of all the intergenic regions in S. pneumoniae are also conserved in S. mitis. In this case, we rationalized that intergenic region conservation likely stems from general genome-wide conservation and not from any functional sRNA feature that poses an evolutionary advantage to these species. We reasoned that this could weaken our ability to observe true sRNA enrichment in conserved intergenic regions, since conservation of intergenic regions among organisms that are evolutionarily very close may not possess biological importance.
To evaluate the effect of phylogenetic distance on the sRNA enrichment observed in intergenic regions, we repeated the conservation analysis with a refined set of target organisms. The refined set includes only species with a phylogenetic distance within one standard deviation from the mean phylogenetic distance. As shown in Fig. 5 , in the context of S. pneumoniae and B. subtilis, a statistically significant enrichment of sRNAs in conserved intergenic regions was observed after the outliers were removed. These results were consistent with those for other species analyzed, where species that were originally too close or too far were used to determine conservation. These results demonstrated that the refinement of the set of organisms used in the conservation studies to a more appropriate phylogenetic distance results in even higher sRNA enrichment in conserved intergenic regions. Importantly, these data also highlight the importance of selecting an appropriate set of species to make valid conclusions regarding sRNA conservation.
Conservation of sRNAs relative to conservation of flanking coding regions. Since sRNA-encoding intergenic regions were observed to be more conserved than all other intergenic regions, we wanted to test whether conservation was specific to regions encoding sRNAs. This initially caught our attention due to the high number of sRNAs that we observed to be encoded from a small fraction of all intergenic regions, leaving a large fraction of all intergenic regions seemingly idle. For this analysis, we determined the relationship between the conservation levels of sRNA coding regions (sRCRs) and random intergenic regions (RIGRs) (Fig. 5A) . A random intergenic region was defined as a segment of the intergenic region of the same length as the sRNA-coding region with no overlapping sequences.
In order to collect statistically meaningful data, we first generated a list of suitable target genomes in which a high number of conserved intergenic regions were more than double the length of the encoding sRNA in that same region. We selected Bacillus subtilis 168 and Streptococcus pyogenes MGAS5005 for this analysis because each species included over 25 conserved intergenic regions that met the set criteria. These species were analyzed for conservation against two groups, the within-genus and outsidegenus groups, as described above. Intergenic regions that contained sRNAs with lengths that were Ͻ40% of the entire intergenic region were considered for analysis. Figure 5B shows analysis of 61 conserved intergenic regions in B. subtilis and 28 in S. pyogenes, where 65% and 69% of sRNA-encoding regions, respectively, were more conserved than the respective RIGR control (see Table S4 in the supplemental material). Importantly, this result indicates that fragments that encode sRNAs are significantly more conserved than a random region of the same size within the same conserved intergenic region. This interesting result supports our underlying hypothesis that conserved intergenic regions are enriched in sRNAs, as these represent biologically important regions that are beneficial to bacteria.
Isolated genomic regions are enriched in sRNAs. One last interesting question that we explored concerned the presence of sRNAs in large intergenic regions that were previously thought to be noncoding. We suspect that these large intergenic regions isolated from protein coding regions potentially serve some purpose. After examination of all 13 genomes in this study, we found that the size distributions of all their intergenic regions are highly similar (see Fig. S3 in the supplemental material) despite pronounced differences in their genome sizes (ranging from 1 to 6.8 million nucleotides). We therefore speculated that in addition to conservation, the presence of isolated (long intergenic) regions in the genome could be another signature of the presence of sRNAs. Given the recent findings of a large number of noncoding RNAs in bacterial genomes, it is also informative to determine what percentage of the genome is indeed noncoding. Our analysis of long intergenic regions (as defined by the top 20% longest intergenic regions), showed significant sRNA enrichment for all species analyzed compared to that of all the intergenic regions (Fig. 6 ). Figure 6 also shows the combined enrichment effect we observed for long and conserved intergenic regions. For this analysis, we calculated the percentage of sRNAs found in intergenic regions of the longest 20% of regions that are also conserved or highly conserved (within-genus and outside-genus). We consistently observed a significant level of sRNA enrichment in intergenic regions that were both conserved and long.
DISCUSSION
Advances in experimental and computational techniques have led to continual identification of a vast number of sRNAs in bacteria. We now understand that sRNA structures and sequences can be conserved between evolutionarily close organisms (83) . However, conservation patterns of functional sRNAs are more complex than those observed in coding regions. For example, some sRNAs are always coconserved adjacent to coding regions, other sRNAs have similar sequences but perform different roles in different organisms, and, even in the same organism, some sRNAs can have multiple genomic copies that have different regulatory functions (84) . Thus far, most of the conservation properties of bacterial sRNAs are not well understood. Given this, the evolution of bacterial sRNAs continues to be puzzling; this is particularly intriguing in the case of intergenic sRNAs that have evolved outside genomic coding regions.
For our analysis, we collected data for experimentally observed sRNAs in intergenic regions from 13 different bacterial species that have been widely studied and well annotated. Given the dependency of this analysis on selected species whose sRNAs we used and collected, we collected a vast amount of data to ensure statistical significance. Despite our selection of species that possess a well-annotated genome, have more comprehensive transcriptome data, and are more commonly used in sRNA studies and our use of only experimentally observed sRNAs, our data could be inherently biased based on our current selection of bacteria that have been sequenced and characterized extensively for medical or biotechnological purposes. Moreover, sRNAs that were identified by different techniques could weigh differently, and some regulatory sRNAs may be expressed only under certain environmental conditions. While ideally this study can be done with sRNAs that all come from the same experimental technique (such as Northern blotting), this would yield only a relatively small number of sRNA to long intergenic regions (top 20% long), long and conserved (within-genus) intergenic regions, and other intergenic regions. A conserved intergenic region refers to any intergenic region that has a conservation level equal to or higher than that of the extended intergenic region. The asterisk denotes statistically significant enrichment of sRNA compared to other regions, as determined by Fisher's exact test (P Ͻ 0.05), and double asterisks denote values that are statistically significant relative to those for the long intergenic region.
candidates in some species that lack large-scale Northern blotting confirmation. Given the large numbers of sRNAs and the broad sample of organisms analyzed that validate the trends that we have observed, we believe that these patterns will hold for an even larger and more comprehensive data set. Furthermore, to assess the possible conservation bias from different techniques, we compared the conservation level of intergenic regions that encode sRNAs identified from Northern blotting to that of sRNAs identified with other techniques (microarray, RNA-seq, etc.) and found no significant difference in the conservation levels between these two groups of sRNAs (Table S5 in the supplemental material shows the classification of sRNAs according to how they were experimentally identified).
A second key observation that results from our work is that intergenic regions that are conserved are enriched for sRNAs relative to nonconserved intergenic regions. Since some sRNA might be conserved along with adjacent coding regions, and to eliminate the possibility that high conservation levels of intergenic regions are due to 5= or 3= UTRs, we define as conserved only the intergenic regions that have a higher conservation level than flanking regions. Since most intergenic regions carry functional sequences, they are expected to be less conserved than protein-coding regions. This is a different approach from others that have been used in the literature to study conservation of intergenic regions (85, 86) . In most of the analyzed species, more than 20% of the intergenic regions have an conservation level equal to or higher than that of the extended region. As a result, it is possible that more functional sequences are yet to be identified in these highly conserved intergenic regions. These results support the hypothesis that intergenic regions that are conserved across multiple species encode functional entities that are important for survival. This is further stressed by our findings that the actual sRNA-encoding regions are even more conserved than random regions within the same intergenic area.
The above results also depend on the technicalities of the WU-BLAST analysis. We used two different groups for WU-BLAST: the within-genus and outside-genus groups. The two groups yielded similar results, indicating that the number of species (outside-genus groups include more species than most genera) is not a critical parameter in this analysis. We hypothesized that by using an optimal phylogenetic distance to select species for WU-BLAST, we could eliminate species that are too close or too far from the interested species and yield more significant results. Our analysis of B. subtilis and S. pneumoniae supports this idea, while it was less significant for other species (data not shown), as these appeared to be evolutionarily clustered within a more optimal distance. Nevertheless, we believe that this approach can be further improved by systematically performing a cross-genus analysis to find the optimal phylogenetic distance applied for all species. The dependency on appropriate phylogenetic distance for conservation analysis is not surprising given that phylogenetic distances that are too close will obscure identification of intergenic regions that are truly conserved due to the potential importance of their encoded function. In contrast, organisms that are phylogenetically too far away will not show enough conservation among intergenic regions for meaningful analysis.
A third observation of our study is that the average sizes and distributions of intergenic-region lengths are very similar among the species analyzed, regardless of their genome size. Furthermore, intergenic areas that are significantly longer than the average are largely enriched in sRNAs. Indeed, this trend was observed to increase as intergenic regions increased in length. This suggests that bacteria use their genome space highly efficiently, without the presence of large "unused regions" that do not encode functional transcripts. Interestingly, not many intergenic regions in our analysis were observed to encode more than one sRNA, and the few intergenic regions that did encode multiple sRNAs (no more than two) were not significantly longer. A more fundamental question is whether these long intergenic regions are long because they encode sRNAs or whether sRNAs are more likely to be encoded in long intergenic regions. Based on this study, we believe that most long intergenic regions could have encoded functional sequences. This is not limited to sRNAs but also applies other functional noncoding transcripts or sequences in other organisms (87, 88) . Long intergenic regions have more space to house noncoding RNAs, and it would be interesting to look for unknown sRNAs in long intergenic regions in which no functional transcripts have been found yet.
In summary, the evolution of sRNA in bacteria is an intriguing subject. A major challenge in this field is that some sRNAs with the same function could have different sequences in different organisms, or the same sRNA sequence could have different functions in different organisms. This study provides insight into some critical questions that remain unanswered about sRNA evolution in bacteria. A future approach could incorporate the use of structural homology prediction models in addition to sequence homology methods to better identify and understand sRNA conservation patterns in terms of function (89) . An advantage of the strategy we have used is the ability to look at sRNAs in the context of the entire genetic region in which they are found. Consideration of the complete intergenic regions could potentially simplify the identification of sRNAs, since many of these surrounding regions could have additional biological functions that are yet to be understood.
